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A visible negative-index metamaterial was fabricated by adopting a template-assisted and self-assembled 
electrochemical deposition method. Originating from the inherent characteristic of bottom-up fabrication, 
it has been demonstrated by the effective medium theory that the metamaterial resonance could realize a 
negative index at visible wavelengths if the degree of asymmetry is kept in a moderate range. This was 
experimentally substantiated by fabricating an asymmetric Ag-polyvinyl alcohol (PVA)-Ag multilayer 
nanostructure with two apertured silver films on the opposite sides of PVA film. The extraction of 
constitutive parameters shows negative index in the wavelength range from 535 to 565 nm, with a minimum 
value close to —0.5. Simultaneously, an optically active medium Rhodamine B was incorporated into the 
PVA layer, which readily changed the transmission peak through control experiments. Finally, the enhanced 
transmission was realized through a fiat sample. 

Negative-index mematerials (NIMs) are artificially engineered nanostructured materials that exhibit 
negative refractive index, which cannot be attained in naturally occurring materials. Ever since their 
discovery in 200 1 1 , NIMs have attracted significant interests owing to their extraordinary electromag- 
netic properties 2 " 5 . Over the past decade, studies have actualized various types of NIMs with the resonant 
frequencies ranging from gigahertz to higher frequencies. From the standpoint of real-time applications, one 
of the most fascinating and significant goals is to achieve negative refraction at visible wavelengths. According to 
the effective medium theory, the size of the interior structural unit of NIMs should be much smaller than the 
operating wavelength 6 . However, it is highly difficult to manufacture NIMs with very short resonant wavelengths. 
Until now, artificially engineered NIMs have been experimentally demonstrated at the near-infrared and red- 
light wavelengths, wherein the fishnet structure has been widely studied as a typical design 7 " 9 , ever since its first 
appearance in 2005. The negative refraction in fishnet NIM has been established at wavelengths of the order of 
1 um 10 , 780 nm 11 , and more recently, close to red-light wavelength of 700 nm 12 . Besides, a recent study has 
demonstrated a special plasmonic waveguide metamaterial that is capable of realizing negative refraction and flat 
lensing at ultraviolet light wavelengths 13 . Conventionally, NIMs are being fabricated by using top-down etch 
technology, such as electron beam lithography and focused ion beam milling 1415 . However, the abovementioned 
methods are intricate, expensive, and unsuitable for large-area fabrication, posing a great challenge to achieve 
smaller resonant structures. Thus, the realization of NIMs at visible wavelengths still remains to be unrealistic. 

Lately, researchers have developed various bottom-up fabrication methods, such as self-aligned membrane 
projection lithography 16 , self- organization 17 , thermal electric-field poling technique 18 , and block copolymer self- 
assembly 19 for the fabrication of metamaterials. In our previous work reported elsewhere, we demonstrated the 
feasibility of yet another bottom-up approach, namely, electrochemical deposition method for the fabrication of 
near-infrared NIMs 20,21 . In particular, this method is specifically suitable for the fabrication of NIMs with smaller- 
sized structural units, which otherwise are unattainable by conventional etch fabrication methods. Although the 
direct use of electrochemical deposition technique may result in the formation of disordered nanostructured 
units, NIMs with periodic structures can be realized when combined with template- assisted self-assembly pro- 
cess 10,21 . In this study, we demonstrate the fabrication of visible NIM by template-assisted and self- assembled 
electrochemical deposition, producing a three-layered structure consisting of two apertured metal films, asym- 
metrically on the opposite sides of a dielectric layer. The asymmetry of the multilayer structure originates from the 
inherent characteristic of the bottom-up fabrication process. Its negative-index behavior at visible wavelengths 
can be validated both through numerical simulation and experimental data analysis. In order to improve the 
optical properties of the asymmetric multilayer structure, an optically active medium, Rhodamine B (RhB), is 
incorporated in the dielectric layer. Control experiments show that the samples doped with RhB have higher 
transmission magnitudes and better effects of transmission enhancement than the samples without RhB. 
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Figure 1 | Schematic illustration of an array of three-layer asymmetrical 
nanostructures and the polarization configuration of an electromagnetic 
wave. The geometrical parameters are w = 95 nm, r = 70 nm, t = 30 nm, 
and h = 40 nm, and the electromagnetic wave is at normal incidence with 
the electric field along the y-direction. The rectangular part surrounded 
with yellow line is the structural unit. 

Results 

Analysis of numerical simulations for the present model. Numeri- 
cal simulations were performed using the commercial package 
COMSOL Multiphysics. In principle, silver does not behave as a 
perfect conductor at higher frequencies, and hence its dielectric 
function should be characterized by Drude model 22 with a plasma 
frequency of oo p = 1.37 X 10 16 s" 1 and a collision frequency of co c = 
8.5 X 10 13 s -1 . The standard algorithm for retrieving effective 



constitutive parameters of the Ag-polyvinyl alcohol (PVA)-Ag 
structure was applied 23 . The refractive index (n) and impedance (z) 
were first retrieved from the scattering coefficients, and then 
permeability and permittivity (s) were obtained according to 
the following equations: n = y/sjl and z = \J fi/e. Figure 1 shows all 
the geometrical dimensions of the model proposed in this study and 
the polarization configuration of the electromagnetic wave. The 
plane wave is at normal incidence with the electric field polarized 
in y-direction. The rectangular area surrounded by yellow curve is 
the structural unit. The holes in the silver films were designed to be 
polygonal, instead of spherical shape, as the mutual extrusion of 
these dense holes tends to distort their spherical shape during 
fabrication. Silver films of thickness (t) 30 nm are separated by a 
40-nm-thick PVA layer. The radius of the holes (r) is 70 nm and 
the width of the wall between the neighboring holes (w) is 95 nm. In 
order to describe the degree of disalignment, the upper silver film is 
assumed to move simultaneously along the x- direction by Ax and 
along the y-direction by Ay (assuming Ax = Ay in our simulations) 
with respect to the lower silver film. 

Electromagnetic parameters retrieved from simulations. For 

convenience, we numerically analyze the electromagnetic response 
of the asymmetrical structural unit while increasing its disalignment 
degree. The effective |i, s, and n values thus obtained are plotted in 
Figures 2a, 2b, and 2c, respectively. The figure of merit (FOM), de- 
fined as — Re(n)/Im(n), characterizes the inherent loss (Figure 2d). 
As evidenced from Figure 2, the negative refractive index at visible 
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Figure 2 | Effective constituent parameters with varying degrees of disalignment are retrieved from the simulated S parameters, such as the real parts of 
(a) permeability, (b) permittivity, (c) refractive index, and (d) the value of FOM, defined as -Re(n)/Im(n). 
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Figure 3 | Top-view electron micrographic images of the fabricated 
samples operating at wavelengths corresponding to (a) red light and (b) 
green light. 



wavelengths can be still maintained even when the disalignment de- 
gree Ax is kept at 20 nm (1/7 size of the hole diameter). However, it 
could be realized that the value of FOM decreases greatly with 
increase in Ax, indicating that the inherent losses become more 
serious with the growth of Ax. This can be explained on the basis 
of the fact that with increase in Ax, more and more portions of the 
holes are covered with the silver film on the other side of the PVA 
layer. Consequently, the resonance between the two silver films 
becomes weak. The following two important aspects can be 
concluded from the curves shown in Figure 2: (i) the asymmetrical 
structure can achieve negative refraction at visible frequencies if Ax is 
controlled within a moderate range, and (ii) the large inherent losses 
weaken the performance of the resonant structure. 

Scanning electron microscopic images of the fabricated samples. 

Figures 3a and 3b show the scanning electron microscopic images of 
the two groups of samples with different sizes operating at the red- 
and green-light wavelengths, respectively. As displayed in Figure 3a, 
the key structural parameters such as the hole diameter is about 
150 nm and the width of the wall between the neighboring holes is 
about 85 nm, while those in Figure 3b are around 105 nm and 
80 nm, respectively. In this study, RhB as a dopant material was 
incorporated into the PVA dielectric layer in order to meliorate 
the middle PVA layer, and its effects was investigated through 
control experiments. Each group includes two types of samples, 
namely, those with and without RhB. Transmission experiments 
were performed using a UV-4100 spectrophotometer. 

Transmission measurements. Figure 4a plots the transmission spec- 
tra of one group of the samples operating at red-light wavelength. 
Herein, the black curve represents the sample without RhB, while the 




400 450 500 550 600 650 700 750 80C 

Wavelength (nm) 



Figure 4 | Measured transmission spectra of samples at (a) red-light and I 

RhB, while the red and green curves correspond to the samples with RhB. 



red curve corresponds to the sample with RhB. The maximal increase 
in transmission is the difference between the two transmission peaks. 
Upon inclusion of RhB, the peak value is boosted from 8.2% at X = 
660 nm to 12.6% at X = 650 nm. Figure 4b shows the transmission 
spectra of the other group of samples with working wavelengths in 
the green-light range. Here, the black and green curves represent 
samples without and with RhB, respectively. The corresponding 
transmission peaks occurred at X = 570 nm and X = 590 nm, 
with the peak value increasing from 31.6% to 36.7%. As is seen, the 
transmission peaks of the Ag-PVA/RhB-Ag samples are higher than 
that of the Ag-PVA- Ag samples. It has been discussed in simulations 
that the Ag-PVA- Ag structure with better alignment had higher 
transmission. Therefore, it can be believed that the incorporation 
of RhB into PVA changed the property of the PVA layer and 
influenced the arrangement of the holes, which would facilitate 
better alignment between the two silver films. 

Electromagnetic parameters retrieved from the experimental 
data. The negative-index properties of the asymmetrical metal- 
dielectric-metal nanostructure have been experimentally verified as 
follows. In case of the green-light resonant sample without RhB, the 
amplitudes and phases of transmission and reflection are needed for 
retrieving its electromagnetic parameters such as refractive index, 
impedance, permeability, and permittivity. The phase measure- 
ments in both transmission and reflection were performed using a 
similar method with Michelson interferometer, the details of which 
have been elaborated in Ref. 24. The measured results are shown in 
Figure 5. The amplitudes and phases of the transmission (solid lines) 
and reflection (dashed lines) coefficients are presented in Figures 5a 
and 5b, respectively. The low transmission observed in Figure 5a 
could be attributed to the large inherent losses, while the high 
reflection stems from the impedance mismatch with air (because 
the impedance in Figure 5f is not as Z —> 1 + Oi). As seen in 
Figure 5b, a phase mutation of transmission emerges at wavelength 
around 565 nm wavelength (or 530 THz frequency), which could be 
clearly correlated with the appearance of resonance. The retrieved 
permeability, permittivity, refractive index, and impedance are 
displayed respectively in Figures 5c, 5d, 5e, and 5f, wherein the 
solid lines represent the real parts and the dashed lines represent 
the imaginary parts. It can be observed that the negative index of 
refraction occurs in the wavelength range from 535 nm to 565 nm 
(or in the vicinity of 540 THz frequencies) with a minimum value 
close to —0.5, validating the predicted NIM properties of the 
asymmetrical metal-dielectric-metal nanostructure. However, it 
could be realized that there exists a discrepancy for the negative- 
index region between experiments and simulations. This issue can 
be explained that the aim of numerical simulations is only to 
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Figure 5 | Refractive index, impedance, permeability, and permittivity were extracted from the complex transmission and reflection coefficients. 

Amplitude (a) and phase (b) of transmission (solid lines) and reflection (dashed lines). Permeability (c), permittivity (d), refractive index (e), and 
impedance (f), solid curves denote the real parts and the dashed curves denote the imaginary parts. 



demonstrate the feasibility of fabricating asymmetrical metal- 
dielectric-metal visible metamaterials by self-assembled electroche- 
mical deposition, and provide the theoretical grounds for the 
experiments. On the other hand, the different sizes of fabricated 
samples might only result in different negative-index wavelengths, 
but not affect the physical essence of resonance. In principle, negative 
index in the entire visible wavelength range can be realized by 
tailoring the geometry of the nanostructure. 



Experiments of transmission enhancement were realized through 
flat samples. Furthermore, the enhanced transmission was realized 
through flat samples 25 ' 26 , as shown in Figure 6. The typical experi- 
mental setup is illustrated in Figure 6a. When a beam of polychro- 
matic light is scattered from a xenon-lamp (LHX150, Zolix) and 
passes through a special monochromator, it is transformed into 
monochromatic light with the same wavelength as the resonant 
wavelength of the measured sample. A beam of scattered light is 
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Figure 6 | Experiments for transmission enhancement, (a) The experimental setup, (b) The blue, black and red curves respectively correspond 
to the ITO glass, the red-light resonant samples without and with RhB. (c) The blue, black and green curves correspond to the ITO glass, the green-light 
resonant samples without and with RhB, respectively. The horizontal axis represents the positions of the beam of monochromic light when it passes 
through the flat sample and leaves its right-hand-side surface (zero point is set at this surface). The vertical axis represents the measured normalized 
intensity of the output light beam, (d) and (e) respectively show the two- and three-dimensional images of the transmission enhancement for the green- 
light resonant samples with RhB. 



obtained after a convex-lens and passes through a flat sample. 
Finally, an enhanced transmission would occur at a distance away 
from the sample surface, which could be detected by using an optical - 
fiber spectrometer fixed on a nano-positioner (TSM25-2A, Zolix). 
Figure 6b employs the same sample as used in Figure 4a, while 
Figure 6c adopts the same sample as applied in Figure 4b. In 
Figure 6b, the wavelengths of the monochromic light is chosen as 
X = 650 nm. It can be seen that the light intensity is nearly close to a 
straight line for the ITO glass, but a peak emerges for the flat samples. 
Moreover, the sample with RhB has a more evident peak than the 
sample without RhB at the same position. In Figure 6c, the 
wavelength of the monochromic light is selected as X = 550 nm. 
Likewise, the ITO glass maintains a nearly unvaried light intensity, 
whereas the sample with RhB exhibits better effects of focus peak. 



The combined results in Figures 6b and 6c have unambiguously 
demonstrated the transmission enhancement property of the 
asymmetric Ag-PVA-Ag nanostructure at visible frequencies. After 
the incorporation of RhB in the PVA layer of the samples, the effects 
of transmission enhancement become more obvious. Here, the 
concept of transmission enhancement is defined as the relative 
height of the appeared peak (the difference between the maximal 
and the minimal values), which is marked with dashed lines in 
Figures 6b and 6c. After the incorporation of RhB, the relative 
height of peak is increased from 3.6% (black dashed line) to 8.0% 
(red dashed line) for the red-light resonant samples (Figure 6b), 
while that for the green-light resonant samples (Figure 6c) is 
enhanced from 2.2% (black dashed line) to 4.3% (green dashed 
line). Therefore, the relative height increases nearly by twice. In 
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Figure 7 | Schematic of the fabrication process, (a) Nanometer-scale PS 
spheres were periodically arranged on the ITO glass substrate, (b) Silver 
layer was electrochemically deposited into the apertures among these PS 
spheres, (c) The first perforated silver film was obtained by removing the 
PS spheres using chloroform and alcohol, (d) PVA solution was spin- 
coated onto the silver film and solidified in a dry box. (e) The second layer 
of PS spheres was periodically arranged on the solidified PVA film, (f) The 
second layer of perforated silver film was deposited, (g) In a manner similar 
to (c), the three-layered Ag-PVA-Ag sandwich nanostructure was finally 
fabricated by dissolving all the PS spheres. 

order to further make the results intelligible, the two- and three- 
dimensional images of Figure 6c are shown in Figures 6d and 6e, 
respectively. It can be clearly observed that there exists an enhanced 
transmission peak around 300 nm along the X position. This could 
be attributed to that the excitation of surface plasmonic currents 
transferred the energy of incident light from metal surface to the 
holes and then magnified the transmission 27 ' 28 . 

Discussion 

As discussed above, an asymmetrical metal-dielectric-metal nanos- 
tructured metamaterial has been fabricated by template- assisted and 
self-assembled electrochemical deposition. The negative-index prop- 
erty of the structure at visible wavelengths could be maintained when 
the degree of asymmetry is kept less than 1/7 size of the fishnet-hole 
diameter, which has been theoretically verified on the basis of the 
effective medium theory. Subsequent experimental studies indicate 
that the extraction of constitutive parameters shows negative index 
in the wavelength range of 535 nm to 565 nm, with a minimum 
value close to —0.5. This unambiguously validates the negative-index 
properties of the samples. Furthermore, incorporating an optical 
active medium RhB into the PVA layer readily changes the trans- 
mission peaks. This was verified by preparing two groups of red- and 
green-light resonant samples, with each group including control 
samples with and without RhB. Upon incorporating of RhB, the 
transmission peak of red-light resonant samples increases from 
8.2% to 12.6%, while that of green -light resonant samples shifts from 
31.6% to 36.7%. Finally the experiments of transmission enhance- 
ment are realized through flat samples. The light intensity is nearly 
close to a straight line for the ITO glass, but a transmission peak 
emerges for the samples. Furthermore, the relative height of trans- 
mission peak is enhanced from 3.6% to 8.0% for the red-light res- 
onant samples after the incorporation of RhB, while that is enhanced 
from 2.2% to 4.3% in case of the green-light resonant samples. In 
summary, this study demonstrates a significant breakthrough in the 



fabrication of visible NIMs. Besides, the technique adopted in this 
study can facilitate large-scale and low-cost manufacturing visible 
NIMs. 

Methods 

Fabrication procedure. All the samples were fabricated onto indium tin oxide (ITO) 
conductive glass substrate via template-assisted self- assembled electrochemical 
deposition, as illustrated in Figure 7. In brief, the fabrication steps may be described as 
follows: (i) self-assembled nanometer- scale monolayer polystyrene (PS) spheres were 
initially prepared and arranged periodically on the ITO glass substrate, this was 
subsequently used as a template after solidification at 90°C in a dry box; (ii) a layer of 
silver was electrochemically deposited into the apertures among these PS spheres. The 
electrochemical deposition was performed using the applied direct current voltage of 
8 V for 5 sec; (iii) all the PS spheres were dissolved with chloroform and the 
remaining chloroform was dissolved again with alcohol to form the first perforated 
silver film on the glass substrate; (iv) the liquid PVA solution was spin-coated onto 
the silver film. Although the PVA would penetrate into the fishnet holes and fill the 
voids, it did not affect the inherent resonance characteristics of the fishnet 
metamaterial. Following that, the sample was placed in a dry box again for 30 minutes. 
PVA was transferred from liquid to solid; (v) the second layer of perforated silver film 
was electrochemically deposited onto the solidified PVA film by applying a direct 
current voltage of 12 V for 10 sec. Afterward, the step (iii) was repeated. This 
sequential deposition process resulted in the formation of a three-layered Ag-PVA- 
Ag sandwich nanostructure. 

Reliability of fabrication. The disalignment between the two metal layers could be 
attributed to the inherent characteristic of the bottom- up fabrication process. The 
first layer of silver film was electrochemically deposited on the conductive ITO glass, 
and then a layer of insulating PVA layer was coated onto the silver film. Finally, the 
second layer of silver film was deposited onto the PVA film. Therefore, the conditions 
adopted for depositing the two silver films are obviously different. It was very difficult 
to align the two metal layers. According to theoretical analysis, the size of 
disalignment between the two metal layers must be less than 20 nm (1/7 size of the 
hole diameter). However, the samples fabricated in the initial experiments did not 
meet this requirement. Upon performing several attempts to improvise the 
fabrication process, this issue was finally settled by increasing the voltage (12 V) and 
time (10 sec) for the deposition of the second silver film. This method established in 
this study is highly reliable, because it could be repeated time after time and the 
fabricated samples with a negative index could be verified with the retrieval 
experiments. 
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